INTRODUCTION
In this paper, we present a synthesis procedure for a 10-bar linkage that is intended to guide and support the human leg during the walking gait cycle. The goal is to use linkage synthesis techniques to design a mechanism to support the cyclic motions required in robotic rehabilitation and exoskeleton applications. The design of this particular 10-bar linkage begins with a serial 3R chain that is then constrained by two four-bar linkages. The four-bar linkages are designed using a combination of path synthesis and basis spline techniques. The desired path of the linkages is gathered from joint locations of the leg during the gait cycle.
Many of the recent robotic rehabilitation devices and exoskeletons have many degrees of freedom and require a large collection of actuators. The Pelvic Assist Manipulator (PAM) and the Pneumatically Operated Gait Orthosis (POGO) utilize linear actuators that are pneumatically powered to move a user's pelvis and legs during treadmill training. This work was done by Aoyagi et al. and Ichinose et. al [1] - [4] . The Active Leg Exoskeleton (ALEX), by Banala et al. [5] - [7] , is another powered orthosis that has multi-DOF and attaches to the trunk, thigh, and foot. Other devices that are relatively similar in function are the Ambulation-assisting Robotic Tool for Human Rehabilitation (ARTHuR), by Emken et al. [8] , the Lokomat by Jezernik et al. and Klobucka et al. [9] - [11] , and the Lower Extremity Powered Exoskeleton (LOPES), by Reinger et al. [12] . All of which require elaborate control theory.
Another area of existing research is in single-DOF walking mechanisms and can provide a basis for the design of similar linkages for robotic rehabilitation. The Theo Jansen linkage is a walking linkage that was implemented on a wind powered kinetic sculpture. This linkage has been studied by Aan and Heinloo, Giesbrech et al., Komoda and Wagatsuma [13] - [16] . The Klann linkage is another patented walking mechanism that is often used on multi-legged robots. Lockhande and Emche [17] use this linkage for the legs of a mechanical spider. Both of these linkages create locomotion, but don't follow the ankle trajectory of the human gait.
Our goal is to extend the work by Tsuge and McCarthy [18] by constraining a 3R chain with four bar linkages using path synthesis. Similar procedures for constraining serial chains have [19] - [20] for motion generation. The path synthesis procedure for the four-bar linkage modules follows that of Wampler, Morgan, and Sommese [21] and the selection of precision points is completed using basis splines, similar to Unruh and Krishnaswami [22] . The result will be a linkage that forces the leg to move in the plane, just as it does in the LOKMAT rehabilitation device.
THE CONSTRAINED 3R CHAIN
The first step of the design procedure is to define an open serial chain. The joints and link lengths correspond with the dimensions of human leg, as shown in figure (1) . The fixed pivot, between link I and II, corresponds with the hip joint, and the joints attached to links II, III, and IV correspond with the knee, ankle, and toe respectively. The designer also has the freedom of defining two additional joint locations so that links III and IV become triangular links. Assuming that the ankle joint locations and the foot angle are known, inverse kinematics can be used to determine the joint angles and locations.
Next a four-bar linkage is attached to link III of the serial chain to constrain the motion of the ankle, figure (2) . The fixed pivots of this linkage and the fixed pivot of the 3R chain would all be connected to link I. Next an additional four-bar linkage is coupled to link IV to constrain the angle of the foot, as shown in figure (3). The ground pivots of this linkage are attached to link II. Since the ground pivots of this linkage are moving relative to link II, the coordinates of the precision points, for the path synthesis problem, must be in the same frame at link II. The result of constraining the serial chain with two separate four-bar linkages, using path synthesis, is a 10-bar linkage.
The path synthesis method used follows that of Wampler [21] , where the links of the four-bar linkage are represented as a collection of vectors in complex form. The resulting formula- 
SELECTION OF PRECISION POINTS
The precision points that are used in the path synthesis algorithm are derived from a set of data points collected from motion capture data of a walking subject. This data set marks the joint locations through 14 gait cycles. From this data, the lengths of the upper leg, lower leg, and foot can be determined. These lengths are determined by measuring the distances between the hip and knee, knee and ankle, and ankle and toe data points respectively. The motion capture data collected was in 3 dimensions, but only data in 2 dimensions were used in this procedure for simplicity. Figure (4) shows the coordinates of the ankle during multiple walking cycles; units are in centimeters. These points, however, were collected in the global frame, where the hip joint is moving. Since, the synthesis procedures require that the hip joint be stationary, a new set of data points relative to the hip is required. The coordinates of the ankle trajectory relative to the hip joint is shown in figure (5); the location of the hip joint was also moved to the origin for simplicity.
Next, one of the cycles was chosen to be the desired path for the synthesis procedure. This path consisted of 205 data points; since 9 points are required for the four-bar path synthesis, basis splines techniques were used. The trajectory created by the 205 data points can be represented by the equation of a basis spline. This is a parametric equation and the data points are used as the control points.
The parametric equation for a spline consists of a basis equation, as shown in equations 1 and 2, where t is the parameter of the curve, k is the order of the curve, i is the ith control point, and x i are elements of the knot vector. The knot vector deals with the weighting of a particular control point.
These basis equations are then used to form the parametric equation for the coordinates of the basis spline curve evaluated at t j , where j is the jth point along the curve. Equations 3 and 4 are the parametric equations that yield the coordinates of the spline curve for a given parameter t.
The 205 data points of the ankle trajectory can then be used as the control points in the B-spline equation so that the ankle trajectory can be represented by a single parametric equation. Nine values of t, between 0 and 1, were selected and substituted into the B-spline equations; these values of t were evenly distributed. The result was 9 points that were distributed about the curve. 
FIGURE 5. COORDINATES OF THE ANKLE RELATIVE TO THE HIP JOINT
The selected data points have a high density at the bottom of the curve because there was a higher density of data points in this area. With these 9 points of the ankle, the 9 precision points for the first four-bar linkage problem can be determined, as shown in figure (6).
This same procedure can also be used to choose precision points for the second four-bar linkage. However, these points will be in the same frame as the upper leg, or link II from figure (3).
SORTING SOLUTIONS
The solutions resulting for solving the 9 point path synthesis problem yield the joint locations, O, A, B, and C, shown in figure (7) . The values of a, b, g, h, r, α, and θ 0 can be calculated from these joint locations. The equations for the coordinates of the
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where, x 0 and y 0 are the coordinates of point O. The equation for ψ is given below [23] .
where
Also, the equation for φ is
When the known variables are substituted into the equations for the coordinates of X, the equations become a parametric equation that varies with θ . A parametric plot of this function will produce the coupler curve of the linkage.
The coupler curves for all of the solutions are compared with the desired trajectory. Solutions that deviate too much from the desired path are eliminated. In addition, linkages that do not satisfy the Grashof condition are also removed.
Lastly, the values of the selected linkage can then be randomized about a relatively small tolerance zone, in order to increase the number of potential linkage solutions. The new set of randomized solutions is also compared with the original set of precision points. The overall process is repeated for the second four-bar linkage in the moving frame. 
NUMERICAL EXAMPLE
The design procedure was applied to a single cycle of the gait cycle. The desired trajectories were acquired from a motion capture system. The two sets of precision points, derived from the b-splines, for the four-bar linkage problem are in tables 1 and 2. For the 3R chain, the hip joint was set at the origin and the lengths of the upper leg, lower leg, and foot were set to 510.908, 526.941, and 184.343 respectively. Figure (8) illustrates this chain. Plots of these two sets of precision points are shown in figures (6) and (9) .
The two path synthesis problems were solved using the polynomial solver, Bertini [24] . What resulted were 240 solutions for the first four-bar linkage and 228 solutions for the second fourbar linkage. Figure (10) shows the coupler curve of a selected four-bar linkage. The linkage parameters were then randomized about a tolerance of 100cm, meaning that there was an allowed variance of the linkage dimensions in either direction of 100cm. A new linkage was found that had a more gradual curve, figure (11) . Also, the linkage that was found for the second four-bar linkage followed an acceptable trajectory and did not require randomization. Figure (12) shows the coupler curve of this linkage in the moving frame. The solutions for the first and second fourbar linkages are in tables 3 and 4.
The solutions that had the most desirable coupler cures are shown in figure (13) . The first four-bar linkage is drawn in blue and the second linkage is drawn in red. While the resulting linkage had acceptable coupler curves, the packaging of the linkage did not. The overall size would make it difficult to attach this linkage to a human leg. Additional work still needs to be done to find solutions of reduced overall size. Also, while each of the four-bar linkages may be completely cyclic individually, the tenbar linkage may not be; further work is required to find analysis techniques to determine if this is the case. Lastly, issues resulting from linkage singularities have yet to be addressed.
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CONCLUSION
In this paper, we present a procedure to design a 10-bar linkage that is intended to guide the movement of the human leg during walking. The procedure consists of constraining a serial chain that matches the dimensions of a user's leg. The chain is constrained by two separate four bar linkages that are synthesized using path synthesis techniques.
The precision points for the path synthesis problem are acquired by deriving a basis spline equation from the desired leg trajectory. The nine points are selected by substituting 9, evenly distributed, values of the parameter into the basis spline equation. These 9 points are then used in the path synthesis problem and solved using a polynomial solver. Coupler curves of the resulting linkage solutions are compared with desired trajectories. Solutions are then randomized about a tolerance zone, in order to search for additional linkage candidates. A numerical example was given using motion capture data. There were 240 solutions found for the first four-bar linkage and 228 solutions found for the second linkage. Additional solutions candidates could be found with further randomization of linkage parameters.
The design procedure provides a means to design a linkage that matches the gait pattern; the linkage can then be attached to a user's leg as an exoskeleton or rehabilitation device.
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